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ABSTRACT

Stars near spectral type A0, showing anomalously low ratios of

Sc II \4246/Sr 11 A\4215, are found to be analogous to the classically defined
Am stars. This result follows from a detailed model atmosphere study of
eight sharp-line A stars ~in the Pleiades. For the four Am analogues among
these stars, the following anomalies are found: underabundances of carbon,
calcium, and scandium; overabundances of strontium, yttrium, zirconium,
and barium; and high microturbulent velocities. The analysis shows clearly
that these anomalies cannot be attributed solely to inappropriate choices of
atmospheric parameters. The normal A stars in our sample show excellent

agreement in their element abundances with field A stars such as Vega.




1. INTRODUCTION

The classical definition of a metallic-line A star is based on the following
spectroscopic criteria: (1) weakness of the K line of Ca II for the hydrogen-
line spectral type, and (2) strength of the metal lines, particularly those
of the singly ionized metals, for the hydrogen-line spectral type. Use
of these criteria at classification dispersions has served to identify Am stars

in the spectral type range A5 to F2.

Abundance analyses of Am stars (see Sargent 1964 and references therein;
Conti 1965a) identified according to these criteria have revealed some or all
of the following anomalies: (1) underabundances of scandium and calcium;

(2) overabundances of strontium, yttrium, zirconium and other heavy
s-process elements; (3) overabundances of nickel and zinc; (4) enhancement
of the Fe/H ratio; (5) high microturbulent velocities in the region of line
formation; and (6) low electron pressure. Moreover, a survey by Abt (1961)
has revealed a very high incidence of duplicity among these stars, and a

characteristic low rotational velocity (v sin i) has been pointed out by
Slettebak (1954).

It is important to determine whether these anomalies associated with
the Am phenomenon are restricted to the narrow range of effective tempera-
ture (Teff) as implied by the surveys at classification dispersion. If this
were the case, one might logically expect to attribute the presence of
such anomalies to a set of atmospheric conditions that prevail only in this
spectral type range (for example, narrow convection zones) or to a particular

stage in the evolutionary history of stars in this mass range.

However, detection of the Am anomalies at higher effective temperatures
using classification dispersion is difficult for the following reasons: (1) The
K line is formed on the flat part of the curve of growth and hence its equiva-

lent width is insensitive to relatively small changes in calcium abundance.




(2) The hydrogen-line spectrum for stars near A0 is quite insensitive

to small changes in temperature. The strength of the metal lines relative
to the hydrogen lines (i. e., for a given temperature) is therefore no longer
a measure of metal abundance alone but can also reflect a change in Te

ff’
which is not reflected by the character of the hydrogen-line spectrum.

Recent analyses of sharp-line early A stars based on high-dispersion
plate material, in particular of a CMa Al V (Kohl 1964; Strom, Gingerich,
and Strom 1966) and 68 Tau A2 IV (Conti, Wallerstein, and Wing 1965) have
suggested that these stars have many of the abundance and atmospheric anom-

alies characteristic of the classical Am stars.

This work motivated Conti (1965b; Paper I of this series) to search
for analogues of the Am stars among the sharp-line early A stars. He noted

that both a CMa and 68 Tau show much lower values of the ratio

W, (Sc 11 4246)

a

W, (St II 4215)

(where W)\ is equivalent width) than those observed for early A stars such as

Vega, which appear normal in both atmospheric parameters and abundance.

Conti's (1965b) survey of 29 sharp-line early A stars in the field at
IO-A/mm dispersion revealed the following: (l) low K-line strengths for
the lowest values of a, and (2) low values of a for most of the spectroscopic
binary systems observed. These results suggested that the phenomena
associated with the classical Am stars are also found in stars of earlier
spectral type. However, confirmation of this suggested extension of the Am

stars would seem to require a detailed analysis of a sample of A stars with

a range of Sc/Sr ratios.



II. OBSERVATIONAL DATA

In this paper we have chosen to perform a model atmosphere analysis
of eight sharp-line A stars in the Pleiades cluster. These stars show a
variety of Sc/Sr ratios (Conti 1966), and are the only sharp-line A stars in
the cluster (Anderson, Stoeckly, and Kraft 1966). Presumably the initial
composition of these stars was identical,and any anomalies that might be
deduced from our analysis result from events occurring during the evolution-
ary history of individual stars. The spectrophotometric data for these stars
are listed in Table 1. Variable reddening over the cluster renders straight-
forward interpretation of observed colors difficult. The reddening corrections
are based only on the quoted spectral types and the unreddened colors are

therefore somewhat uncertain.

A sharp-line A star in Praesepe was also studied. This star,
HD73666 (=40 Cnc), was previously discussed by Conti et al. (1965). By
means of a relative analysis, they concluded its metal content was normal.

We used it here as a check on the absolute analysis in this paper.

Mount Wilson coudé spectra were obtained in the blue region (with
baked Ila-O emulsion) at a dispersion of 10 :&/mm. Two plates of each star
were used to determine the equivalent widths (expressed as -log W/\) listed
in Table 2. A mean relation between equivalent width and central depth was
derived independently for each plate by measuring each quantity for about
30 representative lines. This relation permitted us to determine the equiv-

alent widths of other lines from their measured central depths.

The average deviation of each plate from the mean for each line was
about + 0.1 in log W/X. Those lines labeled "A' in Table 2 were only
measured on one plate; those lines labeled ''B" had an individual deviation
from their mean of more than 0.2 in log W/\. These lines were given less
weight in the analysis. The measured equivalent widths less than -5. 60 in

log W/\ are to be considered upper limits.



III. CHOICE OF MODEL PARAMETERS

In order to perform a model atmosphere analysis of these stars, it is
necessary to obtain trial values of the parameters specifying the model,

namely, the effective temperature Te and the surface gravity g.

ff

For Te < 8500°* K, the Hy profile provides a sensitive indicator of

Teff' Morefofver, the observed profile is virtually insensitive to reddening
and hence provides the most accurate means of fixing the trial value of the
temperature. The observed profiles used came from our spectra and were
usually the result of averaging the profiles from two plates. Deane Peterson
of Harvard has kindly computed for us a set of hydrogen-line profiles in the
Teff range 7500 to 10000°* K. We have used these profiles to deduce the Teff
values listed in Table 3. The slope of the Paschen continuum also provides a
sensitive indicator of Teff' However, owing to the variable reddening
problem and possible inaccuracies in the calibration of the absolute spectro-
photometric standard (Vega), we have not attempted to derive values of T ¢

from spectrum scans, although we have obtained scans of all program stars.

In order to obtain estimates for stars having higher values of Teff’ we
£ and (B - V)0 determined by Oke and
Conti (1965) and the deduced values of (B - V)O. The values of T

have used the relation between Te
eff °°
determined are listed in Table 3. These values carry considerably less

weight than the Hy determinations for the cooler stars.

A direct estimate of surface gravities was made for stars having
Teff > 8500° K by comparing observed and computed Hy profiles. The mean
surface gravity obtained in this way is log g = 3.8 £ 0.2. This is about 0.2
to 0.3 in the log smaller than the values expected for unevolved early A stars
on the basis of analysis of eclipsing systems. However, it would clearly
be of some importance from an evolutionary standpoint to determine a very

accurate mean value for log g, particularly for the stars that exhibit Am




characteristics. More accurate, preferably photoelectric profiles must

be obtained and a critical comparison of theory and observation must be
made for eclipsing systems before any definite conclusions can be drawn
regarding the surface gravities deduced from Hy profiles. However, no
unusually large or small values of log g were deduced for any star that was
analyzed. Uncertainties in both the theoretical profiles and the observations
clearly admit the choice of log g = 4, and we adopt this value since we con-
sider the directly determined surface gravities to be more reliable than

theoretical values at present.

Model atmospheres covering the range of Teff afd log g were computed.
These models included as opacity sources H, H, HZ’ He I, Mg I, Sil.
No line blanketing was included in any of the models. Departures from LTE
and the effects of convection were also ignored. From numerical trials
performed by us, none of the above simplifying omissions is expected to

affect the deduced abundances in any significant way.
IVv. THE ABUNDANCE DETERMINATIONS

After choosing an appropriate model atmosphere we proceed in the
following way: (1) Line profiles and resulting equivalent widths are computed
from the model and the given atomic parameters for a range of trial abun-
dances, A, and microturbulent velocities, v,.

t
widths and the data computed in step 1 allow us to obtain an abundance for

(2) The observed equivalent

each individual line. (3) A plot, for each value of Vi of deduced abundance
against observed equivalent width for Fe I lines allows us to choose the best
value for the microturbulence from the condition that the slope of the
A-against-W)\ relation must be zero. We estimate the accuracy of the

vy values deduced in this way to be 0.5 km/s. (4) A plot of A against ¥,
the lower excitation potential, for the observed Fe I lines permits an
evaluation of the trial value of Teff' The effective temperatures of the
models are varied until the slope of this relation is zero. We estimate
+250° K as the accuracy of this Te determination. Note that while this

ff
procedure is analogous to choosing an excitation temperature from a curve



of growth analysis, it makes complete use of the model atmosphere in deter-
mining the best value of Teff' Steps 3 and 4 are not entirely independent,
but there is no difficulty in achieving a unique solution in a few iterations.
(5) The Fe I/Fe II ionization equilibrium was also used as a check on the
accuracy of the Teff determination. In no case did we find a discrepancy
between the Fe I and Fe II abundances that exceeded 0.15 in the log after

choosing Te from condition 4.

ff
The Teff values finally adopted.in Table 3 are close to those indicated

by the colors or Hy . The absolute f-value scale used for this determination

was that of Warner (private communication), and checks on this scale using

observed solar Fe I and Fe II lines (Cohen and Strom 1967) confirmed its

essential accuracy.

In Table 4 we have chosen to present the results of our abundance
analysis for each star in the form of the ratio log (Ael/AFe)’ since this
ratio, for most elements, is quite insensitive to moderate changes in Teff
and vt. In addition, we present the values of log (Fe/H) for what we consider
to be the best choice of atmospheric parameters. The atmospheric param-
eters and abundance ratios for each of the eight Pleiades A stars are
summarized in the table. In addition, we present abundance determinations

made for two A stars that appear to have normal (i. e., solar) abundances:
a Lyr (Vega) and HD73666.

The results of Strom et al. (1966) and Hunger (1955) support the view
that Vega has metal abundances almost identical to those of the sun. For
Vega, the analysis was based on the high-dispersion plate material of
Hunger (1955). For HD 73666 the observed equivalent widths were obtained
at the same 10 ;&/mm dispersion used for all the Pleiades stars. The
abundances obtained for these two normal A stars are remarkably similar,
the differences almost never exceeding 0.2 in the log. (Barium is the only
exception to this otherwise encouraging picture; the Ba II A4554 line is

observed in HD 73666 while it is absent in Vega's spectrum.) We feel that




the generally very close agreement of the abundances deduced here from
both these normal stars provides us with a solid basis for support of the

reality of any abundance anomalies in the Pleiades stars.

We should note, however, that we have made no attempt here to discuss
the scale of absolute transition probabilities for each element,but relied
instead on defining the abundances of Vega and HD73666 as '"'normal. "

A thorough discussion of the scale and accuracy of absolute transition

probabilities is sorely needed but is beyond the scope of this paper.

We consider abundance anomalies significant if they are at least a factor
2 different from the average of Vega and HD73666. Examination of the
abundances listed in Table 4 reveals the following: (1) There is a close
agreement between the abundances obtained for the Pleiades stars HD23194,
HD23387, HD23607, and HD23924, and those determined from the two normal
A stars. All these stars have measured Sc/Sr ratios within a factor 2 of
unity. This result supports the hypothesis that stars showing Sc/Sr ratios
near unity are those with normal metal abundances. (2) We find some, but
not all, of the following anomalous element/Fe ratios in the four stars having
Sc/Sr = 0.5: (a) low C, Sc, and Ca; (b) enhanced Sr, Y, Zr, and Ba (s-process
elements); (c) enhanced Ni. (3) All the Pleiades stars, except HD 23387, have
high microturbulence. (4) The Fe/H ratio is higher for the group of low Sc/Sr
stars than it is for the normal stars. The average Fe/H ratio for all Pleiades
stars is the same as for Vega and HD73666. It is possible that the normal A
stars may haverslightly lower Fe/H ratios than is the case for Vega,
HD 73666, and the Hyades. However, we regard such a conclusion as
extremely tentative at this time and we must await the results of analyzing

many more Pleiades before the reality of such an effect can be confirmed.

We feel confident in the reality of the abundance anomalies since:
(a) changing Teff by 1000°* K, log g by 0.5, and v, over a wide range fails
to change the essential character of the abundance anomalies; (b) the
abundance ratios for the ''"normal' A stars are consistent for the Pleiades

stars, Vega, and HD 73666.



V. CONCLUSIONS

We have found that in the four Pleiades A stars with the \4246/\4215
ratio significantly lower than unity, a detailed model atmosphere analysis
reveals that other Am abundance anomalies are found. In addition, these
stars all have high turbulence, and at least one is a spectroscopic binary.
This would suggest that these are earlier-type analogues of classical Am

stars and that the Am phenomenon extends to A0 spectral type.

On the other hand, the three of the four Am stars studied here give no
firm evidence of duplicity (although only one was studied by Abt et al. 1965).
Also, three of the four normal Pleiades A stars show high turbulence. It
is not completely conclusive here, therefore, that these Pleiades stars are

Am by definition. In any case, they share the abundance anomalies of the

classical Am stars. As such, their presence in this young cluster containing

B stars poses problems of their origin.
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LAMBDA EP

Cc1
4771471 Tetb
MG1
4167626 4033
4702498 4433
MG2
4390457 9496
4481.19 8483
ALl
3944,00 .
S12
4128404 9479
4130.87 9.80
CAl
4226472 .
4283001 1l.88
4425.44 1487
4434,96 1.88
4435.69 188
CA2
3933465 .
sC2
4246482 31
4325.01 59
4400435 «60
T12
4028432 .88

MULT

15
11

& & P VwoN

15

14

87

23607

4496

4e33

4436

4490

3493

4426

4456

4495

4416
4457
He72
4459

4e74

3.03

438

Hel2

4068

457

Table 2
Equivalent Widths

~LOG(W/LAMBDA)

23924 23194 22615 24368 23631
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4¢95B 44,84
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4636 4458
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4465
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5607 5417
3e16 322
6635 4451
4458 5617
4497

5¢10 4673
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5426

4495

4483

4eT19

4002

Lol

448

Lot B

4460
563
565
54398

5465

3.58A

Lebh

54148

Sebl

4e75

5042

5.18

4694

4492

4405
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4e53
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5528
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372

5¢33B
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4488

713666

54018
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HLe60
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3451

4e72
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4081
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5¢30

530

5508
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4e83

heT6

503
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560
54478
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5453

5e27

545

23964

Se61A
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Se04
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44918

4061

4452

Se48
5e64A
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5e65A

5¢65A

4010
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5¢66A
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4163463
4287.88
4290422
4294,09
4300404
4301492
4312.85
4316480
4386485
4394,05
4395.02
439584
4399.76
4411.07
4417.71
4418433
4443479
4450448
4464446
4468,48
4488431
4501.26
4529445
4563475
457196
4779498

4805.09

3951.96

4002.94

1.47

le42

105
20
41
20
41
41
41
9
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51
19
61
51
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40
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40
31
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31
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92
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hel3
he58
4e27
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4435
4445

4e45

4436
4481
4e34
4e26
477

4.68

4489

5¢18

Table 2 (Cont.)

4e51
4e46
4414
4o40
4436
4436
4450
4094
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4,83
4¢32A
5.24
4042
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4e61
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4432
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4.5%
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4423
4eb]
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Lebl
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4450
Se4b
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4431
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4632
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Sel1l1
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Se¢10
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4eT5
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5022
4062
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Sel4A
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531
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4483
4.78
5e13
5.02
5Se51
5.478
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4485
559
522
539
Selda
5469
482
5518
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4490
54338
500
5e¢63
54118
4091
5.7

SeT75A

565

565

5.04
Sebé
8.05
506
4472
515
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Seb&B
522A
565
4490
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5612
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4485
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5e46
heB&
5¢25A
6499
476
5¢68A

5¢45A

Sebl
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4005.70

4023.38

4254433

4274479

4145476
4179443
4242437
4252462
4261491
4275456
4284420
4555401
4558465
4588421
4618.82
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4848424

4030.75
4033.06

4034448

4005425

4045.80

V2 CONTINUED

1e81 32
1.80 32
CR1
. 1
. 1
CR2
5.30 162
3.81 26
3.85 31
3.84 31
3.85 31
3.84 31
3.84 31
4.05 44
4406 44
4.05 44
4006 44
4,05 44
3.85 30
3.85 30
MN1
. 2
. 2
. 2
FE1
155 43
le48 43

4695A

4480

4e33

bebl
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4e94A
b4eb67
5098
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4443
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4601

Table 2 (Cont.)

40354 5,57
5026 5655 4477
4042 4465 4438
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5.59 4e65A
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5.04 5.54 44958
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4¢76 5e61A 5405
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4475
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4486
5620
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4490
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4e66
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4481
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4467
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4498
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4470
5288
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4493
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487
4453
4460
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4480
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5400
559
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4Le92
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Se04

Selk
4496
4482
5420
4488
492
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553

4.74

Le4t8

50398 5.41
5¢52 5419A
5¢48 5443
5e49 5447
567 5428
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5662 5463
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5¢60 5419
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5e¢11 4469
5600 4484
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540 4.98A
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SeTlh Be69A
550 5445
Set7 Sel8
5e54 5462
5¢05 5415
44828 4,78



4063459
406797
4070677
407173
4132405
4157.78
4175463
418175
4187.03
4187.79
4199409
4202402
4210.34
4219435
4222421
4227642
4235493
4238481
424743
4250611
4250478
4260e48
4267483
427115
427175
4282440
4299424
4383.55

4406,75

1¢55
320
3423
1.60
1.60
3440
2083
282
2e44
2e41

3.03

43
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558

43
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695
354
354
152
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522

42
152
800
152
693
152
693
693
152

42
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482
152

42

71
152

41

41

4.16
4.66
487
4421
4ot
4478
4068
4e34
4448
4435
hettl
4e31
4453
4456
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4435
4436
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4445
4432
4426
5.12
4ets2
4e21
4e51
4426
4e13

4e28

Table 2 (Cont.)

4e32
be 66
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4456
4.89A
4440
4e42A
4422
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4.51A
4422
4448
4426
4029
4435
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4499
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5445
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4492
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4e43A
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4426
4eT7
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4430

4435

14
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4489
4428
4435
5432
4.92
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4456
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5430A
4e34
4492
4e77
4.91
4e45A
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4483
Lel1A
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4445
4429
5.63
4466
4426
4.61
be43
4.28
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bek2
Se04
527
4e57
4aT2
5e22A
5013
4493
4499
4e73
4e79
4465
511
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5.19
4e71
4475
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4e53
4692
4486
4045

4e54

4049
537
5046
4056
4485
5631
50328
5038
498
4eT78
4083
470
513
S¢018B
5620
4081
4.88
5.08
5607
4490
4480
4e68
Se488B
4e84
4457
4498
491
4450
4457

4etaB
5023
5398
4eb63
4495
5e24A
5660
4495
503
4e94
480
4e84
Se24
5e17
5426
4486
4e97
5¢08
529
4490
4e86
4e71
5Se59A
4489
459
5602
4497
458
4465

4496
551
5e66
4.88
5458
Seb67
5¢67
5¢67
559
5e458
5.08
5Se26
5468

5468

4491
5508
S5e348
4083
Se04

Se52A
Seb4
Selt
5420
551
Sebl
564
529
5.15
5e64A
Sed2
5400
5648
Se64
4484

5¢17



4415413
444771
4466054
4469438
4694456
4736477
4871632
4890476

4891450

3938.29
4122463
4178.84
4273431
4296456
4303419
4413460
4416481
4472491
4489.17
4491439
4508427
4515.33
4520.21
4522462
4541.51
4555.89

4576432

FE1 CONTINUED

le61
2021

2682

257
2469
2069
2469
2466
2477
2482
2482
2484
2.84
283
2479
283
2484
2482

2483

41
68
350
830
68
554
318
318
318

28
28
27
28
27
32
27
37
37
37
38
37
37
38
38
37

38

Table 2 (Cont. )

4028 4427
4eT2 4e87
4e55 G463
469 4461
Leb4 4459
4491 4485
4e35A

4052 4437
4¢62 4LoT3
4e35 4432
4089 4477
4¢53 4434
4¢52 4,51A
5¢47B 5419
4e46 4453
4.93 4485
4e68 4,53
4066 G463
4465 4445
4el5 4449
4e¢52 4447
4beb2 4437
475 4.87
432 4.38
4064 4471

4e31
5068
4494
4485
4493
4497
4.88
4486

4.588

4456
54368
4440
5406
4.76
447
5458
4458
4496A
4486
4e74
6452
4468
beb4
4e47
4.88
4e39

4e73

15

4440
4488
4470
4490
4473
521
4eTTA
4e84A

5s36A

4440
4466
4e27
4466
4445
4437
5062
4e48
4483
4464

4¢59

4440

4447
4e53
4429
4460
4031

4667

4481
5465
5e¢21
513
S30
5¢43
5013
S5¢24

4497

4469
4479
4450
4486
4.60
453
522
4669
4499
4e71
4465
4452
4460
4657
betb
5.008
4453

4eT6

470
Seld
5¢15
5418
507
5e¢42
5+26
527

510

4e88
4493
4453
5¢048
4075
458
5058
4459
5¢10
4482
4461
455
4458
beb6
4452
4e78
4461

4485

4082
SellA
5403
5450
532

Se468

4481
5603
4461
4092
4478
466
553
4476
5e23
4485
GoTh
4e58
4070
4e69
4454
4e97
4061

4492

515
5462
5408
554
5470

Se73

5465
526
4492
5428
521
4482
5Se65
4095
S5elé
516
4495
4.98
5.07
507
4495
555
4492

5632

5e24A
5465
566
S5e66A
566
5¢38A
5e19A
5e 69A

Se12A

502
5e22B
4471
Sel12
515
4485
Se66A
494
5e408
507
4495
4e87
478
500
4.84
5605
488

S¢10



458282 2.83
4583482 2479
4620450 2482
462933 2479
4666475 2482
473143 2.88
NIl
4716642 3437
N12
4015.50 4,01
IN1
4722616 4401
4810652 4406
SR2
4077.70 .
4215451 .
Y2
417753 o4l
4374493 41
4883.68 1.08
ZR2
3991.14 75
3998.98 56
4211487 52
BA2
4554402 .

37
38
38
37
37

43

98

12

14

13
22

30
16
15

4e75

4499

54398

5+358

4413

4el6

4035

4e4b5

5.02B
4495

521

4e37

Table 2 (Cont.)

4e57A
4.33
4.80
4e48
4455

470

4476

4087

5«66

S«13A

4,27

4627

430

4430

4e48

5¢18
4e34
5438
4e43
4478

4495

5398

552

5e65A

4498

423
be26

f451

4e37

4499A

5¢54

557A

5e60A

4e4t8

16

4.69
4027
4.84
4e41
4.83

470

4488

4466

5e17

Sel4

4407

413

4021
4e32

4e71A

4490

4e76

530

bebl

4489
439
4496
4e53
4498

4485

538

4481

5623

524

4422

4437

LYY X4
461

505

4490

4487

519

4450

4491
bebid
4499
4e63
508

4491

5488

4e99

Se348

568

bebh

4e52

4482
4488

Seb62

531

5647

561

4beb7

5406
4451
5¢368B
4¢69
503

5409

5¢15

4063

4eT0

4491

504

5428A
520A

560

4492

Selé
4484
543
551
5435

5624

54538

5465

572

54498

4494

516

5018
514

SeTh

Se47

5465

568

5671

5«19
479

5e¢67A
4489A
5.09A

5.16A

5+68A

Selds

5468A

5¢69A

4e99

5«11

523
552

5e69A

557A

5652

Sebé

513



Table 3
Values of Teff Deduced from Spectrophotometric Data

Source

Star Teff of Teff
HD 22615 8300 Hy
23194 8500 Hy

23387 9200 (B-V),
23607 7600 Hy

23631 9100 (B-V),
23924 8250 Hy

23964 9700 (B-V),
24368 9700 Sp
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